International comparisons of absorbed dose have been made at the Bureau International des Poids et Mesures (BIPM) since 1988. Thirteen national metrology institutes have taken part, some of which have repeated the comparison over the years. The key comparison reference value (KCRV) is taken as unity, each comparison result being the ratio of the national metrology institute's (NMI) evaluation to that of the BIPM's stable standard. The degrees of equivalence between each NMI and the KCRV, and between each pair of NMIs, are given in the form of a matrix, using the most recent result for each of eleven NMIs. A graphical presentation is also given.
Introduction
National primary standards of absorbed dose to water in 60 Co gamma radiation are compared at the BIPM against the BIPM primary standard in a continuous programme that started in 1988. There are now thirteen absorbed dose to water standards that have been compared and all except one of the standards have been compared within the last ten years, which is the comparison frequency agreed by the CCRI(I) [1] . The acronyms and details of the NMIs are given in Table 1 .
The results of these comparisons form the basis for degrees of equivalence [2] entered in the key comparison database (KCDB) for BIPM.RI(I)-K4 held on the BIPM/MRA web site. It was agreed at the CCRI(I) meeting in 1999 that the key comparison reference value would be unity, each comparison result being the ratio of the NMI evaluation to the BIPM evaluation of absorbed dose to water in the same reference conditions at the BIPM.
National standards
The national primary standards for the determination of absorbed dose to water in 60 Co are almost exclusively based on calorimetry, the exception being the PTB in which case a Fricke chemical method was used [3] . This comparison will be updated in 2005 using their new determination of absorbed dose that is based on calorimetry.
If the absorbed dose to graphite is determined using a graphite calorimeter, the conversion from absorbed dose to graphite to absorbed dose to water is obtained either by calculation using the photon-fluence scaling theorem or by using cavity theory applied to a graphite- walled ionization chamber. Alternatively, the absorbed dose to water is determined directly using a water calorimeter, usually based on the Domen type. The fact that several standards are based on similar methods results in correlations in the uncertainties that need to be taken into account when determining the degrees of equivalence between the NMI standards.
The transfer of the primary realization to the ionization chambers that are commonly used as transfer standards is undertaken by each NMI and has an associated uncertainty. Indeed each recent comparison with the BIPM has been made indirectly through the use of the NMIs' transfer standards.
Data from each national metrology institute
When a comparison is undertaken at the BIPM, both the NMI and the BIPM measure the absorbed dose rate to water using their own standard. 
where I BIPM is the ionization current measured by the NMI transfer chamber in the BIPM beam. The ratio of the absorbed dose rate measured by the NMI at the BIPM and that measured by the BIPM is 
Each comparison result using a transfer standard is then expressed as
The most recent comparison result, R NMI , for each laboratory is listed in Table 2 , together with the reported comparison uncertainty, u' R,NMI . One of the standards has not been compared for more than 10 years (PTB) but the CCRI(I) agreed in 2003 that this comparison result should still be included in the KCDB as long as the PTB detailed uncertainty budget is given (see Appendix 1), as this was not published in the report of the comparison. The result of the BNM-LNHB will be updated as soon as their more recent comparison is published. The result of the NPL will be included once their uncertainty budget is submitted and the report of their comparison is published. The result of the LSDG will be included in the KCDB once this laboratory is designated for this purpose by the Belgian authorities.
The relative combined standard uncertainty associated with a determination of absorbed dose to water at an NMI is designated u Dw [16] reference, see also Tables 3 and 4 ) and the standard uncertainty u c,BIPM of N Dw,BIPM (see Appendix 2) as well as correlations between the measurement methods, as follows.
As the BIPM absorbed dose to water is measured ionometrically, there are few correlations between the NMI and the BIPM uncertainty budgets. Indeed the only significant correlations arise from the common use of data relating to mass energy absorption coefficients and the ratios of absorbed dose to the collision part of the kerma (β), for those NMIs using graphite calorimetry. The uncertainties are not necessarily fully correlated and this is taken into account by applying an approximate factor, f k, as indicated in the tables. Thus, the relative standard uncertainty u R,NMI for a comparison of a given NMI with the BIPM is given by
where all the standard uncertainties are expressed as relative values.
The numerical values for u R,NMI using this consistent approach are listed in Table 2 and are those used for the KCDB entries. It is of interest to note that they are not significantly different from the original published values u' R,NMI for which the correlation coefficients were not always stated. The correlated parts of the uncertainty budgets for the NMIs with graphite calorimeters and water calorimeters are given in Tables 3 and 4 respectively.
In Tables 3 and 4 , u Dw,NMI is the combined standard uncertainty of the NMI primary standard (all components being included), u transfer is the combined standard uncertainty associated with the transfer standard and u c,NMI is the combined standard uncertainty for an absorbed dose to water calibration by the NMI; all uncertainties being in relative value.
In Table 3 , the uncertainty in the calculation of the correction for graphite calorimeter gaps, k gap is taken to have some correlated component as shown. In Table 4 , k c is the heat flow correction factor, k sc (also referred to as k p ) is the scatter correction factor or field perturbation, k dd is the lateral dose distribution and h is the chemical heat defect; the uncertainty components and uncertainties are given in relative value. The values of k c and k p for the METAS are the same as for the NRC [17] so a correlation coefficient of 1.0 has been taken for these uncertainties in the pair-wise matrix in Table 6 .
The key comparison reference value
As agreed at the CCRI(I) meeting in 1999, the key comparison reference value, R ref is taken to be unity as the BIPM standard is common to all comparisons and is stable with time. The relative standard uncertainty of the distribution of absorbed dose to water measurements at the BIPM is about 4 10 -4 although the measurements have shown a small drift over the last 15 years. Repeat calibrations of the BIPM transfer standard type NE 2571 show a relative standard uncertainty of the distribution of the calibration coefficients of 3 10 -4 over several years. Comparison results can be added to the database as soon as they are approved and published.
Expression of the degree of equivalence
The degree of equivalence of a given measurement standard is the degree to which this standard is consistent with the key comparison reference value [2] . The degree of equivalence is expressed quantitatively in terms of the deviation of the comparison result from the key comparison reference value and the expanded uncertainty of this deviation (k = 2).
The degree of equivalence between any pair of national measurement standards is expressed in terms of the difference in the two comparison results and the expanded uncertainty of this difference; consequently, it is independent of the choice of key comparison reference value.
Comparison of a given NMI with R ref = 1
The degree of equivalence of a particular NMI, i, with the key comparison reference value is expressed as the difference
and the expanded uncertainty (k = 2) of this difference, NMI U , known as the equivalence uncertainty. It follows that Table 5 gives the values for D NMI and U NMI for each NMI taken from Table 2 using (5) and (6) and forms the basis of the entries in MRA Appendix B. These data are presented graphically in Figure 1 . 
Comparison of any two NMIs with each other
The degree of equivalence, D ij , between any pair of NMIs, i and j, is expressed as the difference
and the expanded uncertainty (k = 2) of this difference, U ij = 2 u ij , where
The matrix of degrees of equivalence takes into account the correlations between each pair of NMIs and is given in Table 6 in the form as it appears in the KCDB.
Comments on future comparisons
The CCRI(I) has agreed that comparisons should be repeated at least every ten years and new comparison results added to the database as soon as they are approved. Each NMI's results are published in a report of the comparison, which includes an update of the matrix of degrees of equivalence and the corresponding graphical presentation as they will appear in the KCDB. This report is sent to the CCRI(I) for approval once the participant and the CCRI(I) Key Comparison Working Group (KCWG) have agreed on the result.
An updated summary of the results is presented to each CCRI(I) meeting. Scientific decisions to remove results from the KCDB are only made at the CCRI(I).
If an NMI makes a bilateral comparison for this quantity, the results can be included in the database with the approval of the KCWG. Such approval requires that the comparison is declared in advance and that at least one of the NMIs already has a BIPM comparison result.
Conclusion
The BIPM ongoing key comparison for absorbed dose to water, BIPM.RI(I)-K4, currently comprises twelve results. These have been analysed with respect to the KCRV of unity and with respect to each other. The matrix of degrees of equivalence has been approved by the CCRI(I) and is published in the BIPM key comparison database for eleven laboratories.
Results may be updated and other results may be added as and when other NMIs make absorbed dose to water comparisons at the BIPM. D ij = D i -D j = (x i -x j ) and U ij , its expanded uncertainty (k = 2), both dimensionless.
In evaluating U ij = 2u ij for the 
